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Abstract 
Risk assessment for geologic CO2 storage including quantification of risks is an area of active investigation. The 
National Risk Assessment Partnership (NRAP) is a US-Department of Energy (US-DOE) effort focused on 
developing a defensible, science-based methodology and platform for quantifying risk profiles at geologic CO2 
sequestration sites. NRAP has been developing a methodology that centers round development of an integrated 
assessment model (IAM) using system modeling approach to quantify risks and risk profiles. The IAM has been 
used to calculate risk profiles with a few key potential impacts due to potential CO2 and brine leakage. The 
simulation results are also used to determine long-term storage security relationships and compare the long-term 
storage effectiveness to IPCC storage permanence goal. Additionally, we also demonstrate application of IAM for 
uncertainty quantification in order to determine parameters to which the uncertainty in model results is most 
sensitive. 
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1. Introduction 
Quantification of risks associated with long-term, large-scale geologic CO2 storage (GCS) is an area of active 
research. Risk assessment and quantification of risks are integral part of risk management strategy used to minimize 
risks during the operational and post-closure phases of a CO2 sequestration site. A number of international field 
experiments, including, the Otway project as well as the Phase-III injection demos that are part of US DOE’s 
Regional Partnership program, and large-scale field projects have used risk assessment to identify risks and develop 
monitoring and risk mitigation strategies. The risk assessment approaches have varied from qualitative to semi-
quantitative.  
The National Risk Assessment Partnership (NRAP) is a US-Department of Energy (US-DOE) funded effort 
focused on developing a defensible, science-based approach for quantifying risks at geologic CO2 sequestration 
sites. NRAP is made up of five US-DOE National Laboratories, including, Lawrence Berkeley Laboratory (LBL), 
Lawrence Livermore National Laboratory (LLNL), Los Alamos National Laboratory (LANL), National Energy 
Technology Laboratory (NETL) and Pacific Northwest National Laboratory (PNNL).  NRAP has been developing a 
methodology that centers round development of an integrated assessment model (IAM) approach to quantify risks 
and risk profiles.     
Details of the approach used for development of IAM and its application to compute initial versions of risk 
profiles were presented at GHGT-11 (Pawar et al, 2013).  In order to quantify the risks associated with leakage we 
need to simulate and predict not only the injection of CO2 in primary sequestration reservoirs and resulting changes 
but also migration of CO2 and brine beyond it in case of leakage. Additionally, the overall goal of quantitative risk 
assessment is to perform probabilistic calculations to account for uncertainties, which requires performing multiple 
realizations of sequestration site performance predictions using a stochastic approach. As described in Pawar et al. 
2013, an effective way to do this is use a system modeling based approach to develop the IAM. This approach 
divides a sequestration site in discrete sub-components, including, CO2 storage reservoir, caprock, wellbores, faults, 
intermediate permeable layers, and shallow aquifers, etc. Next, models to simulate CO2 and brine migration and 
resulting interactions within individual sub-components are developed. These models have to capture the complex 
physics and at the same time need to be computationally efficient. This not only provides the necessary science-base 
but also ability to perform probabilistic stochastic computations.  We use different approaches to develop the models 
for sub-components ranging from lookup tables to reduced order models (Carroll et al. 2014, Bacon et al. 2014, 
Pawar et al. 2013,). Development of computationally efficient models which effectively capture all of the complex 
governing interactions is challenging. A phased approach was used to develop the sub-component models and 
resulting IAM, whereby the complexity of underlying physics was increased in later phases.  
The IAM is set up and run such that the different sub-models are executed in the same order that effectively 
replicates movement of CO2 and brine (represented by yellow arrows) at a sequestration site as shown in Figure 1. 
Simulation results include time-dependent estimates of quantities of interest such as CO2 leak rate to the atmosphere 
or volume of a plume of pH < 6.5 in a shallow aquifer. A stochastic simulation involves running the IAM multiple 
times while sampling the distributions of uncertain parameters. Results of the stochastic calculations are 
subsequently used to calculate time-dependent risk profiles for various scenarios. A risk profile shows evolution of 
risk over a time-period of concern. According to its classical definition risk is estimated as probability of occurrence 
of a certain event multiplied by its consequence. According to this definition, risk quantification requires estimating 
consequences of certain events. NRAP efforts are not focused on estimating the ultimate consequences such as 
human exposure to groundwater whose quality is changed due to CO2/brine leakage. Instead we use risk proxies that 
limit the consequences to physical/chemical changes in sub-components of a sequestration site due to brine & CO2 
leakage. The proxies for leakage risks include CO2 leak rate to atmosphere, change in pH of groundwater, change in 
concentration of TDS in groundwater and change in concentration of heavy metals in groundwater. 
This approach is not in strict adherence to the classic definition of risk but it does provide estimates of negative 
impacts that could potentially lead to ultimate risks.  The results can also be used as part of the risk management 
plan to determine monitoring & mitigation strategies to limit the ultimate risks. To compute the risk profiles for risk 
proxies, results of the stochastic simulations are used to compute the probabilities of exceeding certain cutoffs. For 
example, the computed results of shallow aquifer volume with pH < 6.5 are used to calculate the probability of 
impacted shallow aquifer volume exceeding various cutoffs such as certain percentage of total aquifer volume.  
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Fig, 1 A schematic diagram showing potential migration of CO2 and brine through various features at a sequestration site. 
The probability is calculated as the ratio of the number of realizations that exceed the cutoffs divided by the total 
number of realizations in a stochastic simulation.It should be noted that the cutoffs used in our calculations are for 
demonstration purpose only given that currently there is no regulatory criteria provided for the risk proxies used by 
NRAP. 
2. Application of Second Generation of IAM 
Pawar et al, 2013 provided results of the first generation of IAM which were also presented at GHGT-11. A 
number of updates were made to the IAM and its sub-component models. The IAM was used to calculate leakage 
risk profiles at hypothetical geologic storage sites with different characteristics for multiple independent scenarios. 
Scenarios define combinations of features, processes and parameters that could potentially lead to failures and 
unintended consequences or negative impacts. Typically, scenarios are identified after reviews of the features, 
events and processes (FEPs) by subject matter experts (SMEs). The process not only identifies scenarios but also 
probabilities of their occurrence. Given that our computations are for a hypothetical site, we developed a list of 
multiple, independent scenarios with equal probabilities. The probabilities for various scenarios at a specific site will 
be based on the site’s characteristics and may not be equal.   
Our scenarios were based on various combinations of the sub-component models incorporated in IAM as well as 
the values of attributes within each component model. Based on the combinations of these component models some 
of the independent scenarios are listed as below: 
1. Leakage to atmosphere 
a. Scenario: Leakage of CO2 from a sloping, saline, sandstone aquifer with open boundaries through cemented 
wellbores at variable spatial density 
b. Scenario: Leakage of CO2 from a sloping, saline, sandstone aquifer with closed boundaries through cemented 
wellbores at variable spatial density 
2. Leakage to shallow aquifer 
a. Scenario: Leakage of CO2 and brine from a sloping, saline, sandstone aquifer with open boundaries through 
cemented wellbores at variable spatial density into a unconfined carbonate aquifer  
b. Scenario: Leakage of CO2 and brine from a sloping, saline, sandstone aquifer with open boundaries through 
cemented wellbores at variable spatial density into a confined sandstone aquifer 
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Above scenarios were further divided in additional scenarios. These included: 
 Presence and absence of residual trapping in the sequestration reservoir (CO2 residual saturation: 0 & 0.3) 
 Multiple values of wellbore spatial densities: ranging from a green field (wellbore density of 1 well/100 km2) to a 
brown field (typical oil and gas field with wellbore density of 10 wells/km2) and two intermediate spatial 
densities (0.1 well/km2, 1 well/km2) 
 Four types of wellbore cement permeability distributions: the wellbore cement permeability distributions were 
based on data available from wells in Alberta and Gulf of Mexico as well as two scenarios used in the FutureGen 
application, high leakage probability and low leakage probability.   
 
Risk profiles were calculated for each of the scenarios defined above by performing stochastic simulations using 
the IAM. The stochastic simulations included multiple 1000 realizations of a sequestration site performance for 
1000 years for risk profiles associated with leakage to the atmosphere and 200 years for risk profiles associated with 
leakage to a shallow aquifer. We simulated 50 years of active CO2 injection at a constant rate of 5 million metric 
tonnes of CO2 per year.  The spatial domain was assumed to be 100 km2. Values of the uncertain variables were 
sampled using a Latin Hypercube (LHC) sampling algorithm from distributions associated with the variables (Note: 
these included only those variables associated with the specific sub-component models involved in the calculation of 
a scenario).  Examples of the resulting risk profiles are shown below. 
2.1. Example risk profile for leakage to the atmosphere 
This example shows results of a Monte-Carlo simulation of a scenario with a saline, sloping, sandstone aquifer 
with open boundaries. It is assumed that the site is a green field which may have poorly plugged wellbores at a 
spatial density of 1 well per 100 km2 but the spatial location of the wellbores is not known. The effective wellbore 
cement permeability is assumed to follow a distribution based on the high leakage probability scenario used in 
FutureGen application. The residual CO2 saturation in the sequestration reservoir is assumed to be 0.3. We simulate 
site performance for 1000 years, including, 50 years of CO2 injection and 950 years of post-injection performance. 
We assume that no engineering intervention is applied to mitigate the leakage of CO2 through these legacy wells 
over the 1,000 year simulation period. Figure 2 illustrates the results from 10,000 realizations of this single scenario 
as a risk profile:  the probability of exceeding a selected leakage rate in each model year.  The figure shows the 
probability through time, and for the scenario considered, of exceeding three different leakage rates: 
 1 tonne CO2 per year 
 1 x 10-3 tonnes CO2 per year 
 1 x 10-6 tonnes CO2 per year 
These leakage rates are all very small (for comparison, leakage at a constant rate of 2,500 tonnes per year over 
1000 years would result in 1% leakage for this scenario), and the figure shows that the probability of exceeding any 
of the selected thresholds is small (less than 1%) in all time steps, and generally decreases with time after the period 
of active CO2 injection.   
Similar risk profiles can be calculated for the other risk proxies associated with CO2 and brine leakage.  
2.2. Example application of IAM for calculating storage security relationships 
This example shows application of IAM to compute storage security relationships. Figure 3 illustrates the mean 
cumulative CO2 leakage to the atmosphere over 1000 years for a scenario with a saline, sloping, sandstone 
sequestration reservoir with open boundaries with potential leakage through cemented wellbores of unknown spatial 
density and cement permeability. We performed Monte-Carlo simulations with 1000 realizations for 1000 year 
performance of the sequestration site, including, 50 years of CO2 injection followed by 950 years of post-injection. 
The mean CO2 leakage computed over 1000 realization is plotted in the figure as a function of well density, as 
compared to IPCC storage permanence goal for all scenarios, as compared to IPCC storage permanence goal (99%, 
by mass, retention after 1000 years).  Additionally, the figure also shows the effect of residual CO2 saturation as 
well as different wellbore cement permeability distributions. As expected, the residual CO2 saturation reduces the  
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Fig. 2. Risk profile showing probability of CO2 leakage to atmosphere exceeding different cut-offs for a hypothetical scenario. The stochastic 
simulation was performed with 10,000 realizations and simulated performance of a hypothetical sequestration site over 1000 years.  
 
Fig. 3. CO2 storage security over 1000 years plotted as fraction of CO2 retained in a storage reservoir a function of well density, as compared to 
IPCC storage permanence goal.  The figure also shows effect of cement permeability distribution as well as residual CO2 saturation. 
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amount of leaked CO2. This figure shows that, in all scenarios considered for this hypothetical site, mean cumulative 
leakage will be sufficiently low to meet that permanence goal - even those where CO2 residual saturation is 
neglected and with very high cemented well density of 10 wells per km2.   
Similarly, Figure 4 shows an example of the fraction of a shallow aquifer volume where pH is changed due to CO2 
leakage. The exmple is for a hypothetical CO2 sequestration site with a saline, sloping, sandstone sequestration 
reservoir with open boundaries above which there is a shallow carbonate groundwater aquifer. The scenario assumes 
potential CO2 leakage through cemented wellbores with unknown spatial density and cement permeability. The 
Monte-Carlo simulations were performed for 200 years of sequestration site performance, with 50 years of CO2 
injection followed by 150 years of post-injection. Similar to the atmospheric CO2 leakage, it should be noted that the 
overall CO2 leakage and its impact in terms of change in the pH of shallow aquifer is extremely low. We also see the 
effect of wellbore spatial density and wellbore cement permeability distribution on the volume of impacted shallow 
aquifer. Both of the examples shown here assume that no engineering intervention is applied to mitigate the leakage 
of CO2 through these legacy wells over the 1,000 year simulation period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Fraction of shallow groundwater aquifer volume impacted due to CO2 leakage plotted as a function of well density.  The figure also shows 
effect of cement permeability distribution. 
3. Uncertainty quantification 
The stochastic simulations with IAM can be used to perform multivariate analysis and perform uncertainty 
quantification to identify those input parameters to which the uncertainty in the model result is most sensitive.  This 
is in contrast to sensitivity analysis, which is performed to identify those parameters to which the model result is 
most sensitive.  The Monte-Carlo simulation results for atmospheric CO2 leakage from a hypothetical saline, 
sloping, sandstone storage reservoir through cemented wellbores are used to demonstrate the uncertainty 
quantification results. The uncertain parameters for these calculations included, storage reservoir permeability, 
storage reservoir porosity, caprock permeability and wellbore cement permeability. Effect of CO2 residual saturation 
in the reservoir was taken into account by performing two sets of calculations, one with zero residual saturation and 
second with a residual saturation of 0.3. Table 1 illustrates the different uncertain parameters to which atmospheric 
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leakage result is most sensitive, as determined using an “importance measure.” – a normalized value representing 
the fraction of the result’s variance that is explained by each variable that is useful for identifying nonlinear, non-
monotonic relationships between input variables and a result (Saltelli and Tarantola, 2002).  In scenarios where CO2 
residual saturation is accounted for, CO2 atmospheric leakage is most sensitive to target formation permeability.  In 
scenarios where frequency of observed leakage is very low (i.e., low wellbore density scenarios) result exhibit 
weaker importance trends. 
Table 1.  Parameter with highest-ranking importance for scenarios with no residual CO2 saturation considered. 
CO2 Residual 
Saturation 0 0.3 
Legacy Well Spatial 
Density, wells/km2 0.01 0.1 10 0.01 0.1 10 
Alberta Basin 
Wellbore 
Permeability 
Porosity of 
storage 
reservoir, 
Permeability 
of caprock 
Permeability 
of caprock 
Wellbore 
cement 
permeability 
* 
Wellbore 
cement 
permeability 
Permeability of 
storage reservoir 
GOM Wellbore 
Permeability 
Wellbore 
cement 
permeability 
Wellbore 
cement 
permeability 
Permeability 
of storage 
reservoir 
Permeability 
of storage 
reservoir 
Permeability of 
storage 
reservoir 
Permeability of 
storage reservoir 
FutureGen “Low” 
Wellbore 
Permeability 
Permeability 
of caprock 
Permeability 
of caprock 
Wellbore 
cement 
permeability 
Permeability 
of storage 
reservoir, 
Permeability 
of caprock 
Wellbore 
cement 
permeability 
Permeability of 
storage reservoir 
FutureGen “High” 
Wellbore 
Permeability 
Permeability 
of caprock 
Permeability 
of caprock 
Wellbore 
cement 
permeability 
Permeability 
of caprock 
Permeability of 
storage 
reservoir 
Permeability of 
storage reservoir 
* in this scenario no leakage was shown through 1000 realizations, so no importance measure could be calculated 
 
Similarly, the Monte-Carlo simulation results of CO2 leakage into shallow groundwater aquifer were used to 
determine parameters with highest ranking importance. The uncertain parameters for these calculations included the 
storage reservoir parameters and wellbore cement permeability mentioned above as well as those for shallow 
aquifer, including, shallow aquifer permeability and concentration of dissolved solids. The multivariate analysis 
results showed that for scenarios with low wellbore spatial density the wellbore cement permeability is the 
parameter with highest importance ranking while for scenarios with high wellbore spatial density the shallow 
aquifer permeability is the parameter with highest importance ranking. 
4. Summary 
This work demonstrates application of the IAM to determine the risks associated with CO2 and brine leakage, 
developed as part of the NRAP effort. The IAM can be used to quantify risks associated with various scenarios.  We 
have used the IAM to quantify leakage risks for a hypothetical CO2 sequestration site for multiple, independent 
scenarios primarily focused on leakage through cemented wellbores. The calculations results have led to some key 
findings, including, 
 In all scenarios evaluated for leakage from cemented wells, cumulative leakage is predicted to remain well below 
IPCC storage permanence goal (99% retention after 1000 years), even in scenarios with very high cemented well 
density (10 wells per km2). 
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 Accounting for residual saturation improves storage reservoir performance, resulting in a leakage profiles that 
decline following the period of active injection. 
 In the scenarios evaluated the results showed that extremely low volume of shallow aquifer was impacted due to 
leakage, even in case of high wellbore spatial density and high leakage probability. 
 Overall, the multi-variate and sensitivity analysis for CO2 leakage to atmosphere shows that the wellbore cement 
permeability is the most important uncertain variable. 
 On the other hand, the analysis for shallow aquifer impacts showed that in some cases wellbore cement 
permeability was the most important uncertain variable while in other cases it was not.    
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